SUMMARY Chronic sodium depletion has been reported to decrease ejection fraction in anesthetized dogs. We tested the hypothesis that this reduction in cardiac performance is due to either hemodynamic or humoral factors. Seven mongrel dogs were fed a low sodium diet (<2 mEq Na + per day) for 5 weeks. Echocardiographic and radionuclide techniques were used to monitor cardiac function. There was a gradual but significant (p<0.01) decrease in ejection fraction from 61 ± 7% (SD) at baseline to 47 ± 8% after 5 weeks of sodium depletion in association with a fall in left ventricular end-diastolic volume. Ejection fraction did not change in five control dogs fed 55 mEq Na + per day throughout the 5-week follow-up period. Myocardial contractility did not change in either salt-depleted or control dogs. Plasma norepinephrine levels in the coronary sinus were twice as high in salt-depleted as in control dogs, but there were no significant differences in arterial norepinephrine concentration between the two groups. Therefore, we concluded that reduced ejection fraction during sodium depletion resulted from hemodynamic changes (decreased preload). The excess available norepinephrine failed to increase myocardial contractility, suggesting a dysfunction at the cardiac adrenergic neuroeffector junction. 5 reported a reduction in stroke volume in salt-deprived anesthetized dogs. Given that ejection fraction and stroke volume are both load-dependent indices of cardiac function, it is not clear from these studies whether the reductions in LV ejection volume and stroke volume were due to hemodynamic changes or to alterations in myocardial contractility. Moreover, it cannot be determined whether the observed reductions were related to changes in extrinsic adrenergic support to the heart.
SUMMARY Chronic sodium depletion has been reported to decrease ejection fraction in anesthetized dogs. We tested the hypothesis that this reduction in cardiac performance is due to either hemodynamic or humoral factors. Seven mongrel dogs were fed a low sodium diet (<2 mEq Na + per day) for 5 weeks. Echocardiographic and radionuclide techniques were used to monitor cardiac function. There was a gradual but significant (p<0.01) decrease in ejection fraction from 61 ± 7% (SD) at baseline to 47 ± 8% after 5 weeks of sodium depletion in association with a fall in left ventricular end-diastolic volume. Ejection fraction did not change in five control dogs fed 55 mEq Na + per day throughout the 5-week follow-up period. Myocardial contractility did not change in either salt-depleted or control dogs. Plasma norepinephrine levels in the coronary sinus were twice as high in salt-depleted as in control dogs, but there were no significant differences in arterial norepinephrine concentration between the two groups. Therefore, we concluded that reduced ejection fraction during sodium depletion resulted from hemodynamic changes (decreased preload). The excess available norepinephrine failed to increase myocardial contractility, suggesting a dysfunction at the cardiac adrenergic neuroeffector junction. 3 the direct effects of chronic sodium depletion on the myocardium have not been fully investigated. However, Lynn et al. 4 reported a reduction of left ventricular (LV) ejection fraction in anesthetized, salt-depleted dogs, and Szilagyi et al. 5 reported a reduction in stroke volume in salt-deprived anesthetized dogs. Given that ejection fraction and stroke volume are both load-dependent indices of cardiac function, it is not clear from these studies whether the reductions in LV ejection volume and stroke volume were due to hemodynamic changes or to alterations in myocardial contractility. Moreover, it cannot be determined whether the observed reductions were related to changes in extrinsic adrenergic support to the heart. The present study was designed to assess cardiac performance in the conscious dog in relation to hemodynamic changes and the presence of myocardial catecholamines during regular and low sodium intake.
Methods

Animal Preparation and Protocols
Twelve trained male mongrel dogs (20-27 kg) were studied in the conscious state 2 to 3 weeks after the placement of chronic iliac artery catheters. Baseline studies were carried out after equilibration on a regular sodium diet (Lab Canine Diet 5006, Ralston Purina, St. Louis, MO, USA), providing 55 mEqNa + per day. Then, seven of the dogs were placed on a low sodium diet (Prescription h/d, Hill's Pet Products, Topeka, KS, USA), providing < 2 mEq Na + per day for 5 weeks; the other five dogs continued on the regular sodium diet. Studies were repeated 3 and 5 weeks later. Blood pressure and heart rate were followed weekly. The protocol involved recording baseline indices of LV function (ejection fraction measured by radionuclide technique, and fractional shortening measured by echocardiography). Then a phenylephrine infusion was started to determine myocardial contractility (E^) as described below (see Techniques).
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To assess the relationship between cardiac catecholamines and function, two of these dogs (from the low sodium group) and 10 others were subjected to an additional procedure as described below. The 10 new dogs followed the same dietary protocol and had the same surgical instrumentations but were not subjected to the E^ study. This group of 12 dogs included six on regular sodium diet and six on low sodium diet. At the end of the dietary manipulation, a chest operation was performed under sterile techniques and general anesthesia. Through a thoracotomy in the fourth right intercostal space, a Tygon catheter was chronically implanted into the left ventricle via a stab wound at the apex, and a wide-bore cannula was implanted in the coronary sinus via the azygos vein during the same procedure. The tips of two catheters were exteriorized on the back of the neck. Three days after recovery from surgery, LV pressure, electronically derived rate of change of pressure (dP/dt), and concentrations of plasma catecholamines simultaneously drawn from the coronary sinus and aorta were measured while the conscious dogs lay quietly in a darkened room. Net cardiac catecholamine influx was estimated by subtracting arterial from coronary sinus plasma catecholamine concentrations.
All surgical procedures were done with aseptic techniques, with the dogs under general anesthesia (morphine, 2 mg/kg, and sodium pentobarbital, 15 mg/kg i.v.), and with mechanical ventilation. The experimental protocols were approved by our Institutional Animal Biomedical Research Review Committee.
Techniques
Plasma volume was measured at the beginning of each study following intravenous injection of 3 mg Evans blue dye and a 10-minute equilibration period.
With the animal lying on its right side, the scintillation camera was positioned facing the left side of the chest for optimal visualization of each cardiac chamber. The first-pass technique was used to calculate the cardiac flow index and pulmonary mean transit time (MTT) using "Tc-human serum albumin (25 mCi). An index of venous distensibility equivalent to the ratio of cardiopulmonary blood volume to total blood volume (previously reported 6 ) was derived from measurements of cardiac flow index and MTT. The index is independent of the absolute value of total blood volume because the latter cancels itself in the formula used. Following these determinations, gated blood pool scanning was done to measure the LV ejection fraction.
With the animal in the same position, an M-mode echocardiogram was made using two-dimensional monitoring achieved by directing the ultrasonic transducer upward across a hole in the padded table. Recordings were obtained from a "window" on the right chest wall, just proximal to the maximal apical pulsation, using a Hewlett-Packard electrocardiograph (Model 77020 AC) and a 3.5-MHz transducer at a speed of 100 mm/sec. Left ventricular chamber dimensions were recorded at the level of the tip of the mitral valve. Following baseline imaging and blood pressure recording, phenylephrine was infused intravenously at a rate of 13 to 33 /xg/min to increase systolic pressure from baseline values by 20, then 40, mm Hg; LV echocardiogram was recorded at each level of systolic pressure. To avoid reflex slowing of heart rate during this procedure, 7 the dogs were premedicated with atropine (0.2-0.3 mg i.v.).
The left ventricular end-diastolic dimension was measured at the beginning of the QRS, using the leading edge method. 8 To determine LV end systole, the time from the start of the QRS to the end point of aortic valve closure was measured for several cycles and the average time applied to the LV M-mode echocardiogram. Thus, variations in end-systolic dimensions were minimal. Measurements were made on 10 consecutive cardiac cycles using a programmable calculator (Model 1239, Numonics). End-systolic and enddiastolic volumes were calculated from end-systolic and end-diastolic dimensions, respectively, according to the cube formula. 9 Echocardiographic indices of LV systolic function included fractional shortening, myocardial contractility (E^), 10 and cardiac output. E^ was calculated as the slope of the aortic peak-systolic pressure/end-systolic volume relationship. In addition, we calculated E^ by using the dicrotic notch of the pressure waveform recorded in the abdominal aorta for end-systolic pressure." These measurements were made from simultaneously recorded pressures and echocardiographic LV dimensions obtained during 7 to 10 cardiac cycles at each pressure level. LV fractional shortening was derived by the formula LVFS = EDD -ESD/ EDD, where EDD = end-diastolic dimension, and ESD = end-systolic dimension. Cardiac output was calculated as stroke volume times heart rate. Plasma catecholamines were analyzed by radioenzymatic assay, and renin activity was analyzed by radioimmunoassay as described previously. 12 ' 13 
Statistical Analysis
Data are presented as means ± SD. Differences were considered significant at /?<0.05. Data were analyzed with PROPHET, a computer system supported by the National Institutes of Health. Two-way analysis of variance for repeated measures was used. Alternatively, a nonparametric analysis (Newman-Keul's test) or the unpaired / test was used as appropriate. 14 
Results
Body weight and blood biochemical and volume changes are summarized in Table 1 . Sodium depletion caused a significant reduction in body weight and increased plasma renin activity at 3 but not at 5 weeks, whereas changes in plasma volume and the ratio of cardiopulmonary blood volume to total blood volume were not statistically significant. There were no differences within or between the two dietary groups with respect to serum sodium and potassium concentrations. Arterial plasma catecholamine concentrations tended to be higher in salt-depleted dogs than in dogs on the regular sodium diet (see Table 1 ), but differences were not significant.
Changes in hemodynamics and cardiac function indices are summarized in Table 2 and Figure 1 . The differences in heart rate and mean arterial pressure between the two dietary groups were not significant during the 5 weeks of follow-up. LV ejection fraction and fractional shortening were stable during these 5 weeks in the control dogs, but results were different in sodium-depleted dogs (see Figure 1) , where both functional indices decreased (from 61 ± 7 to 50 ± 7% at 3 weeks, and to 47 ± 8% at 5 weeks, p<0.01 for both; and from 28 ± 3 to 22 ± 4% at 3 weeks, and to 23 ± 4% at 5 weeks, p< 0.01 for both, respectively) together with a reduction in LV end-diastolic diameter. Since there was no concomitant change in LV endsystolic diameter, LV stroke volume and cardiac output decreased. On the other hand, the load-independent index E^ was unchanged during both sodium depletion and regular sodium intake.
The effects of the two diets on cardiac catecholamines and hemodynamics are listed in Table 3 . Resting heart rate, aortic pressure, and LV end-diastolic pressure were not significantly different between the two dietary groups. Under conditions of similar preload and afterload, LV pressure and LV dP/dt were also similar. On the other hand, sodium-depleted dogs showed a striking increase (p < 0.01) in coronary sinus plasma norepinephrine concentration compared to control dogs, although arterial plasma norepinephrine was unchanged. The calculated norepinephrine gradient across the heart in sodium-depleted dogs was therefore significantly higher (p< 0.005) than in the control group.
Data are presented as means ± SD from five regular sodium intake (RS) dogs and seven low sodium intake (LS) dogs.
E^, (PS) was calculated as the slope of the aortic peak-systolic pressure to end-systolic volume relationship. E rlax (DN) was calculated as the slope of the dicrotic-notch pressure to end-systolic volume relationship. *p<0.01 compared to control values.
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FIGURE 1. Changes in ejection fraction (EF) and fractional shortening (FS) in conscious dogs. In the regular sodium intake group (RS, n = 5), both EF and FS were not altered significantly during the 5-week follow-up. However, in the low sodium intake group (LS, n = 7) both EF and FS fell significantly at Week 3 and Week 5 of the experimental diet. Control (C) indicates values for dogs on regular sodium intake. Asterisk indicates p<0.0I compared to control values.
Discussion Inasmuch as cardiac pump function is influenced by the intrinsic properties of the myocardium as well as by the loading conditions of the heart and norepinephrine release from cardiac sympathetic nerve endings, we postulated that the previously reported reduction in ejection fraction and stroke volume 45 in sodium-depleted dogs may be due to an alteration of either intrinsic myocardial contractility or neurohormonal and hemodynamic factors. In this study, both the end-systolic pressure/volume relationship and the peak-systolic pressure/end-systolic volume relationship were preserved during both sodium depletion and regular salt intake. These data suggested that intrinsic myocardial contractility was normal in salt-depleted dogs. Kono et al. 13 have shown that the difference in the slopes of end-systolic pressure/volume relationship and of the peak-systolic pressure/end-ejection volume relationship was less than 5%. Because of these findings, and in view of the recognized magnitude of error involved in the determination of ventricular volumes in vivo, Kono and co-workers suggested that the use of the peak-systolic pressure/end-ejection volume relationship can be considered as a reasonably good estimate of the end-systolic pressure/volume relationship in the normal ventricle in vivo. Since our dogs had essentially normal hearts (without gross injury or hypertrophy), we accepted the validity of our indices (end-systolic pressure/volume relationship and peak-systolic pressure/end-ejection volume relationship) for the purpose of our study. End-systolic pressure was determined from the level of aortic pressure at the dicrotic notch, whereas peak-systolic pressure was determined as the aortic peak-systolic pressure." End-ejection LV volume was determined at end systole, which was defined as the closing point of the aortic valve.
We evaluated adrenergic activity by measuring the cardiac arteriovenous gradient of plasma catecholamine concentration. Plasma catecholamine concentration was four times higher in the sodium-depleted dogs than in the control (regular-sodium) dogs. This finding indicated an increase of cardiac norepinephrine "spillover," since previous reports by Liang et al. 16 had shown no effect of sodium depletion on coronary flow. We made similar (unpublished) observations using an electromagnetic flow probe in studies of open-chested dogs. The cause of increased norepinephrine "spillover" is not yet understood. It could reflect either increased norepinephrine release from cardiac sympathetic nerve endings, possibly mediated by the increased angiotensin II formation 17 associated with sodium depletion, or decreased norepinephrine reuptake. 18 Since E^ is influenced by adrenergic activity, it seemed paradoxical that it did not increase along with coronary sinus catecholamines in our sodiumdepleted dogs. The lack of increase in E nax may reflect reduced sensitivity or number of cardiac /3-receptors during chronic sodium depletion and prolonged exposure to high levels of catecholamines." An alternative explanation might be that norepinephrine concentration increases to compensate for the blunting of the cardiac adrenergic receptor system caused by sodium restriction.
Our findings did not agree with those of Suga and colleagues, 20 who demonstrated that the end-systolic pressure/volume relationship depends partially on preload in the isolated canine ventricle. Though such an effect was not validated in our closed-chest animal model, we took it into consideration in evaluating the relationship between changes in myocardial catecholamines and changes in indices of myocardial contractility. It is possible that in our study the increase in myocardial catecholamines just counterbalanced the effect of decreased preload on the peak-systolic pressure/end-ejection volume relationship in the sodiumdepleted group of dogs, resulting in net stability of myocardial contractility. However, the evidence drawn from our ejection fraction data argues against this possibility. Since ejection fraction is load dependent, and since it is influenced by adrenergic activity, it should change in the same direction as E^ if this possibility is valid. The ejection fraction was not observed to change in parallel with E,^ in our sodiumdepleted dogs. This observation supports the hypothesis that the lack of increase in contractility indices is due to diminished responsiveness to adrenergic influences rather than to a concomitant decrease in preload.
Our findings might have been affected by experimental conditions. In our study, the dogs' average heart rate was higher during the experiments designed to assess myocardial catecholamine release than in experiments designed to assess cardiac performance. We do not think, however, that these differences in heart rate should alter the conclusions drawn from our study. The higher heart rate during assessment of myocardial catecholamines was observed equally in the two dietary groups and could be explained by the lingering effects of anesthesia and surgical intervention.
Hemodynamic factors do, however, seem to have played a role in the reduction of LV ejection fraction and fractional shortening, as demonstrated by the concomitant reduction of end-diastolic LV cavity size.
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The mechanism of reduction of LV end-diastolic dimensions requires explanation. It could have resulted from venodilation. 2 However, our data in the conscious dog showed no significant change in the ratio of cardiopulmonary blood volume to total blood volume, whereas studies by Lynn et al. 4 of the anesthetized, sodium-depleted dog revealed a significant increase in this ratio. These discrepancies may be related to the experimental conditions, such as the use of diuretics or anesthesia, the animals' posture during the study, and the intrathoracic distribution of central blood volume.
In summary, we observed that chronic sodium depletion in conscious dogs caused a reduction of loaddependent indices of cardiac performance in association with a diminution of LV end-diastolic cavity dimension. Moreover, the preservation of E^ in the presence of increased available plasma norepinephrine denotes inadequate myocardial contractility. It may be explained by one of the following mechanisms: 1) inability of the normal myocardium to respond to norepinephrine excess, possibly due to a dysfunction at the neuroeffector junction; 2) normalization of an initially decreased E^ by an increase in available norepinephrine; 3) offsetting of an adequate myocardial response to norepinephrine by in vivo inhibitory neural or humoral factors; or 4) the possibility that E^ is not completely load-independent.
